Formative assessment is often conceptualized as an ongoing, informal process wherein instructors elicit and assess student thinking within the context of existing classwork. They can then use this feedback to make adjustments to their teaching. Some researchers, while agreeing with this definition, argue that much of the existing formative assessment research focuses on what teachers do, rather than what students think. Instead, they reframe formative assessment as responsive teaching, an instructional approach in which teachers elicit student thinking around a particular topic, notice and interpret the disciplinary substance contained within students' thinking, and then respond in real-time in order to support students' disciplinary behaviors. Responsive teaching has been studied for some time in K-12 mathematics and science education, and it has recently become a focus in K-12 engineering education. However, to our knowledge no research has investigated responsive teaching in undergraduate engineering education. We intend to begin a conversation about this important area of study through three specific aims of this paper: 1) introduce new engineering educators to prior research on responsive teaching, 2) discuss how formative assessment was used in two undergraduate engineering science courses and investigate whether these practices afford responsive teaching, and 3) suggest ways new engineering educators can incorporate responsive teaching practices into their own teaching.
Introduction
New engineering educators often employ formative assessment in their classes without considering it too deeply. In contrast to summative assessments-such as quizzes, exams or project reports-that occur infrequently and at the end of a particular unit or activity, formative assessment is ongoing and integrated into the lesson. Formative assessment gives instructors feedback about student learning, which they can use to make adjustments to their teaching.
One definition of formative assessment is offered by Black and Wiliam (2009):
Practice in a classroom is formative to the extent that evidence about student achievement is elicited, interpreted, and used by teachers, learners, or their peers, to make decisions about the next steps in instruction that are likely to be better, or better founded, than the decisions they would have taken in the absence of the evidence that was elicited. (p. 7) However, there are multiple viewpoints on the methods by which this evidence should be elicited. One view interprets formative assessment as a formal diagnostic test that produces a score quantifying student achievement, while another sees formative assessment as an informal process wherein instructors elicit and assess student thinking within the context of existing classwork (Popham, 2008; Bennett, 2011) . This second viewpoint places emphasis on the instructor's response-how he or she uses this understanding of student thinking to modify the lesson in real-time (Black & Wiliam, 1998; Bennett, 2011) .
While Coffey, Hammer, Levin, & Grant (2011) agree that formative assessment should be informal and ongoing, they claim that much of the existing formative assessment research focuses on what teachers do, rather than what students think. Critiquing examples of "good" formative assessment from four prominent papers in the field, they argue that the teachers in these examples do not truly attempt to understand their students' ideas. Rather, the teachers elicit and respond to student thinking in pursuit of "content" as "a body of correct information, centered on terminology, and selected in advance as lesson objectives" (Coffey, Hammer, Levin, & Grant, 2011 , p. 1114 ).
The authors reframe formative assessment as responsive teaching, an instructional approach in which teachers elicit student thinking around a particular topic, notice and interpret the disciplinary substance contained within students' thinking, and then respond in real-time in order to support students' disciplinary behaviors (Hammer, A responsive approach [to teaching] […] is to adapt and discover instructional objectives responsively to student thinking. The first part of a lesson elicits students' generative engagement around some provocative task or situation (or, perhaps, by discovering its spontaneous emergence). From there, the teacher's role is to support that engagement and attend to it-watch and listen to the students' thinking, form a sense of what they are doing, and in this way identify productive beginnings of scientific thinking. (p. 55)
The parallels between this definition of responsive teaching and Black & Wiliam's (2009) definition of formative assessment are clear. Both involve eliciting and using student feedback to shape the future direction of a lesson or class. However, the difference is in responsive teaching's focus on noticing and responding to the disciplinary substance of students' ideas. This is the important missing piece that Coffey, Hammer, Levin, & Grant (2011) argue is absent in traditional conceptualizations of formative assessment.
Responsive teaching has been studied for some time in K-12 mathematics and science education, and it has recently become a focus in K-12 engineering education. However, to our knowledge no research has investigated responsive teaching in undergraduate engineering education. We intend to begin a conversation about this important area of study through three specific aims:
1. Introduce new engineering educators to prior research on responsive teaching 2. Discuss how formative assessment was used in two undergraduate engineering science courses and investigate whether these practices afford responsive teaching 3. Suggest ways new engineering educators can incorporate responsive teaching practices into their own teaching
Responsive Teaching Background
Mathematics and science education researchers have investigated multiple dimensions of responsive teaching. One thread of research has focused on the benefits of responsive teaching to students. Empirical studies have shown that responsive teaching enhances conceptual understanding in students (Empson & Jacobs, 2008; Pierson, 2008) and supports students' engagement in disciplinary practices (Ball, 1993; Coffey, Hammer, Levin, & Grant, 2011; Richards, 2013) . .
Other research has focused on how teachers engage in responsive teaching. In mathematics education, Sherin and collaborators investigated the effectiveness of "videos clubs" in helping teachers to develop their ability for responsive teaching (Sherin & Han, 2004; Sherin & Van Es, 2009 ). In these studies, groups of mathematics teachers and researchers watched and discussed video captured during the teachers' lessons. Through these video clubs, teachers developed their ability to notice and interpret student thinking while watching video in the club (Sherin & Han, 2004) and in their teaching outside of the club (Sherin & Van Es, 2009 ). Another thread of research in science education has suggested that an instructor's beliefs and perspectives can influence the way he or she notices and responds to certain aspects of student behavior and thinking (Levin, Hammer, & Coffey, 2009; Lau, 2010; Maskiewicz & Winters, 2010) . Lastly, a group of mathematics and science education studies have described how the authors, who were at one point teachers themselves, navigated "instructional tensions" when employing responsive teaching during class (Ball, 1993; Hammer, 1997; Chazan & Ball, 1999) . These authors reflected on the challenges of trying to simultaneously value student participation, students' ideas about mathematics and scientific phenomena (even if these ideas were incorrect), and the conventional mathematical or scientific understanding that students were expected to learn.
These findings about responsive teaching in mathematics and science education help to inform responsive teaching in engineering education. However, it is also important to consider responsive teaching in engineering as distinct from responsive teaching in these other disciplines, because responsive teaching, by its very nature, focuses on disciplinary substance (Coffey, Hammer, Levin, & Grant, 2011) . And, the disciplinary substance of engineering is distinct from that of mathematics and science. Despite the importance of studying responsive teaching in engineering directly, this has only become a recent focus in the community. Wendell, Watkins, & Johnson (2016) used prior literature on disciplinary targets of instruction to develop a framework for three areas of focus during responsive teaching in engineering: "1) students' conceptual ideas; 2) students' engagement in design practices, processes and discourse; and 3) students' perspectives within and about engineering" (p. 2). The first two components of this framework-students' ideas and practices-address the disciplinary substance of engineering design, while the third component-students' perspectives-addresses ways that students participate in engineering design. After developing this framework in their paper, Wendell, Watkins, & Johnson (2016) discussed "instructional tensions" that they themselves faced in responding to elementary students' engineering designs.
Other research has focused on teachers' ability to notice and respond to student thinking in engineering. Mangiante & Moore (2016) investigated what pre-service teachers (i.e. undergraduate students studying education) new to engineering attended, analyzed, and responded to when working with fourth grade students during engineering activities. The authors analyzed written reflections from the pre-service teachers and assessed their attention to three disciplinary practices-defining the engineering problem, designing solutions, and optimizing solutions (NGSS Lead States, 2013)-as having a low, medium, or high focus on student thinking. The authors found that the pre-service teachers had more sophisticated reflections about attending to student thinking than about analyzing or responding to student thinking. (2016) categorized what in-service teachers who were experienced in engineering noticed when they watched and reflected on videos of their own students engaged in engineering design. The authors found that these "experienced teachers" were capable of noticing disciplinary substance in their students' thinking, such as how students engaged in the engineering design process and how students interpreted the project (their perspective ). Even so, these experienced teachers reflected on challenges in responding to their students' engineering design, such as questioning how much to guide their students toward productive engineering behaviors.
All of this prior research on responsive teaching in engineering has occurred in K-12 education-specifically at the elementary level. To our knowledge, no research has focused on responsive teaching in undergraduate engineering education. While the findings and recommendations of the K-12 literature can begin to help new engineering educators to engage in responsive teaching, the context is very different. Class size is one example. During the 2014-2015 academic year, the median number of students in a first grade classroom in Michigan was twenty-five (Jacob, Crespin, Libassi, & Dynarski, 2016). Undergraduate engineering classes can have many times this number of students. The two undergraduate courses in this study, for example, had forty and eighty-one enrolled students, and in fall 2016, the introductory programming course 7at the university studied in this paper had three sections each with an enrollment between 235-248 students. While elementary teachers can walk around and interact with every student group during an engineering design challenge, this is impossible for many large undergraduate engineering classes.
Another difference is that the focus in K-12 engineering education is solely on design. The Next Generation Science Standards (NGSS), developed in 2013 and adopted (exactly or slightly modified) in 21 states and the District of Columbia, address three Disciplinary Core Ideas of engineering across grades: 1) defining and delimiting an engineering problem, 2) developing possible solutions, and 3) optimizing the design solution (NGSS Lead States, 2013). Teachers satisfy these standards by developing engineering design projects for their students-for example, having students design, build, and test an assistive device to help a dog with paralyzed hind legs get around. While teachers may choose to connect engineering design projects with their science lessons, this does not always occur and is not necessary to meet the NGSS.
On the other hand, while undergraduate engineering education certainly includes design, a large portion of the curriculum is comprised of math-intensive engineering science classes. As a result, the disciplinary substance of students' engineering is different-specifically with regards to students' practices Thus, there is a need for more research that specifically investigates responsive teaching in undergraduate engineering education. This paper initiates this conversation. In the following sections, we investigate the ways in which formative assessment practices in two undergraduate engineering science courses afford responsive teaching. Then, we suggest ways new engineering educators can incorporate responsive teaching practices into their own teaching. Rather than providing research-based strategies, this paper aims to help new engineering educators become more reflective about their own teaching practices (particularly regarding methods of formative assessment) and to encourage new educators to think about how they currently use formative assessment in their own classes, how they can create more opportunities to elicit and notice student thinking, and how they can become more responsive to student thinking during class.
Study Context
The two courses studied in this paper, Aerodynamics and Dynamics & Vibrations, were held during the fall 2016 semester at a large, public, research-intensive university in the Midwest. Aerodynamics is a required course for students in the aerospace engineering department, most of whom take the course during their junior year. The course covers topics such as kinematics, dynamics, potential flow, thin airfoil theory, viscous flow, and turbulent flow. Only one section was offered during fall 2016, and forty students were enrolled. The instructor, referred to as Professor Aero, was a male assistant professor in the aerospace engineering department. He had taught the Aerodynamics course once before, three years ago. The Aerodynamics course was held in a newly renovated "flexible" classroom with a flat floor and movable tables and chairs. However, Professor Aero did not take advantage of this flexibility, and for each class period, the room was arranged in rows of tables facing front. Aerodynamics was selected for observation because it was a lecture-based engineering science course (as opposed to a discussion course or a design-based course) held in the new flexible classroom. Professor Aero heavily used the whiteboard at the front of the classroom, and also occasionally used his computer and the projector to show PDFs, visualizations, and movies.
Dynamics & Vibrations is a required course for students in three different engineering departments, and most students take the course during their sophomore year. It covers how Newton's Laws, work and energy, and impulse and momentum are used to solve kinetics and kinematics problems. Mechanical vibrations are also covered at the end of the semester. We observed one of the three sections of Dynamics & Vibrations offered during fall 2016. 1 The instructor, referred to here as Professor DV, was a male tenured professor in the Mechanical Engineering department who had been teaching dynamics and vibrations for thirty years. Eightyone students were enrolled in this section of Dynamics & Vibrations, and it was held in a traditional "lecture-style" amphitheater classroom with tiered rows of fixed tables. Dynamics & Vibrations was selected for observation because Professor DV was known to heavily employ active learning activities in class, and because the class was held in a traditional classroom. Professor DV used the whiteboard at the front of the classroom every day, and occasionally did pre-planned or spontaneous demonstrations for students.
Methods
During the fall 2016 semester, we collected data from the Aerodynamics and Dynamics & Vibration courses in the form of 1) pre-and post-semester interviews with each instructor, 2) coding of pedagogy during classroom observations, and 3) field notes made during classroom observations. The pre-semester interviews were conducted before (Aerodynamics) or on (Dynamics & Vibrations) the first day of class, were semi-structured, and used a standardized interview protocol. Each interview addressed the instructor's class goals, methods of receiving feedback on students' learning, teaching strategies, use of technology, teaching professional development, and preferred classroom features.
Each class comprised forty meetings during the semester. We observed the first eleven meetings of Dynamics & Vibrations and the first ten meetings of Aerodynamics. Per Professor Aero's request, we did not observe the first meeting of Aerodynamics. We then returned to observe the last seven meetings of both classes. During these observations, we used the Teaching Dimensions Observation Protocol to capture the instructor pedagogy and student activities in two-minute increments (Hora, 2015) . We augmented these codes with extensive field notes and reflections made immediately after class meetings.
We conducted the post-semester interviews soon after the last day of class. To prepare for these interviews, we reviewed the pre-semester interviews, observations, and field notes, and developed an instructor-specific interview protocol that included standardized, general questions and questions about specific pedagogical moves we observed during the semester. These instructor-specific protocols were then used for semi-structured interviews with each instructor.
After data collection was completed, we reviewed the full data set for each course to identify 1) the formative assessment strategies used by each instructor and 2) the instructor's intent for using these strategies. Then, we used this information to assess whether these formative assessment strategies afford instructors the opportunity to notice or respond to the disciplinary substance of student's thinking. Unlike prior research on responsive teaching ( , we do not analyze transcripts of student-teacher interactions, so we cannot make definitive claims about whether or not the instructors in our study did or did not elicit and respond to disciplinary substance. This is left for future work. Instead, here we discuss how the formative assessment strategies used by the two instructors have the potential to provide opportunities for responsive teaching.
Responsive Teaching in the Aerodynamics Course
The primary pedagogy employed in Aerodynamics was lecture-Professor Aero spent much time at the board working through mathematical derivations and examples. This is not to say, however, that students were disengaged. Professor Aero employed a number of pedagogical techniques in order to engage students: he asked questions during his lecture, he encouraged students to ask questions, and he paused to check students' conceptual understanding. Professor Aero also posed multiple-choice questions that each student could respond to using a personal student response system (a "clicker"). In the pre-semester interview, Professor Aero commented that he was inspired to use these "clicker questions" by another colleague who also taught Aerodynamics. Of the seventeen Aerodynamics class meetings observed, clicker questions were asked in five classes, four of which were during the first month of class. This included one class where Professor Aero was traveling and the graduate teaching assistants taught the class.
In the post-semester interview, Professor Aero discussed his two objectives for posing clicker questions in class. He stated, "Basically, first [it's] for me to get feedback on whether [the students] understand the material. And two, of course, it's a learning tool."
2 To obtain this feedback, Professor Aero asked students to answer the clicker questions on their own, without help from their classmates. As he explained in the post-semester interview:
When I ask a question in class it's the same ten kids that always answer. Classroom observations confirmed that having students work on clicker questions by themselves was important to Professor Aero; on a number of occasions he reminded students to work independently when he heard talking after he posed a question. We did not observe any times in which Professor Aero used the clicker question as a group learning activity in the style of Peer Instruction, in which he would have asked students to discuss their chosen answer with each other before he gave the correct answer (Mazur, 1997) . This also supports Professor Aero's comment that individual assessment was the primary goal of clicker questions.
The way in which Professor Aero responded to a given clicker question depended upon the results. In general, if most of the class selected the correct answer, he confirmed this and continued on with a brief explanation. However, when the class was split on an answer, he usually spent more time on an explanation. In some cases he presented the correct answer first and then explained how it was found, and in other cases he worked through the problem to arrive at the correct answer. Lastly, when students continued to have questions about why their chosen answer was incorrect, Professor Aero spent additional time reviewing the correct answer and discussing the methodology with students. During the discussion of one particularly confusing question, we observed a number of students actively participating and describing their reasoning behind choosing the incorrect answer. By volunteering their thinking about the problem, Professor Aero had the opportunity to notice and respond to the disciplinary substance of the students' thinking. However, beyond these discussions of particularly-challenging questions, the way in which Professor Aero used clicker questions did not easily afford responsive teaching.
Beyond responding to the clicker questions immediately after they were answered, Professor Aero also used the feedback from the clicker questions to shape the agenda for his course on a longer time scale. In the post-semester interview, he stated:
I also throw in some incredibly basic questions, which I expect 100% of them to get. If not, then I slow down a little bit for the next lectures. And also, another interesting thing with [the clickers] is that in many of the questions an option is "I do not understand the question." So that is a red flag for me. And in some questions I got like, 30% or 20% [of students] that didn't understand the question. And that was an issue. So I maybe slow down the next few lectures or I make it a point to emphasize that material downstream.
Challenges of Responsive Teaching
Limitations of Clicker Questions: While the clicker questions provided formative feedback, they provided it at the class level in the form of the percentage of students that selected each answer. Professor Aero could have looked deeper at the results to see which students were getting the question correct or incorrect, but he did not do this. (In the post-interview he stated that this is something he would like to incorporate the next time he teaches the course.) As a result, he did not know if there were students who were consistently getting the questions incorrect. More importantly, the student response system used across the university-and therefore in Aerodynamics-required Professor Aero to ask multiple-choice questions. Limiting students' possible responses made it difficult to assess the disciplinary substance of their thinking, as students were not free to express what they were thinking in an open-ended manner. One way to temper this limitation would be for instructors to design multiple-choice answers that result from common mistakes or misconceptions that students might make, as is commonly done with concept inventories (e.g. Lack of Student Participation: While the clicker questions provided Professor Aero with valuable feedback, they did not easily afford responsive teaching. As has been stated, this was due to both the limitations of the student response system and the way in which Professor Aero used clicker questions in class. As a result, student questions represented the primary opportunity for Professor Aero to elicit disciplinary substance of student thinking. Professor Aero encouraged students to ask questions on numerous occasions. However, when asked in the post-semester interview if he was happy with the level of participation, Professor Aero said he was "reasonably" happy, but then noted that class had the least participation of any he had taught in his three years at the university. He then continued on to reflect on the fact that this wasn't because of a lack of questions: Many times-almost every single lecture-after I finish students come to me and ask me questions. And I ask them, "Why didn't you ask it in class?" [They say,] "I don't wanna feel stupid." The peer pressure, I think, is a lot more here. And I get a lot more questions in the office hours. Specifically on, "in the lecture you mentioned this and I didn't understand." And, I would have had this one hundred, two hundred times in office hours.
[I ask,] "Why didn't you ask me the question?" [And they say,] "The class is full of geniuses." You know, "I didn't want to feel stupid." Or, "My question is too basic."
This quotation emphasizes the fact that successful responsive teaching in large undergraduate engineering classes involves actions by both the instructor and students. As much as the instructor may work to elicit student thinking, responsive teaching still requires action from the students. It is impossible to notice student thinking when the students do not volunteer it.
Responsive Teaching in the Dynamics & Vibrations Course
Professor DV had learned about active learning pedagogy a few years prior, and he incorporated these activities extensively into his class. During the pre-semester interview, he spoke enthusiastically about the use of active learning as a way to have students think on their own and "attempt to take a concept and bring it to bear on [an] example." He then continued on, stating that an additional goal of active learning was to have students "challenge each other as to whether or not they're doing that well [and correctly]. And debating among themselves the […] several ways of applying that concept to that example."
Our observations and field notes confirmed that active learning activities were an integral part of Dynamics & Vibrations. Professor DV lectured to students when introducing a new concept or topic, but the majority of class time was spent working through example problems following a particular intentional process. This "flow," as Professor DV named it, combined group problem solving with instructor feedback and lecture. Based on observations, field notes, and interviews, this flow for a given example problem can be generally outlined as follows:
1. Introduction: Professor DV introduced a new example by drawing a mechanical system on the board and describing the goal of the problem. He then asked students to work with their neighbor to get started solving the problem. In particular, he emphasized the importance of the problem-solving process over finding the right answer. This theme of process over answer was pervasive throughout the class from the first meeting, and was also discussed in Professor DV's pre-semester interview. 2. Group Problem Solving: As students were working on the problem, Professor DV walked around the classroom. This served two purposes: a. It allowed Professor DV to check on students' progress to know when to bring the class back together to discuss the problem. b. It gave students an opportunity to raise their hands and ask private questions one-on-one with Professor DV.
Checking Progress:
Professor DV asked students to raise their hands if they had finished particular steps of the problem, such as drawing a free-body diagram or choosing a coordinate system (e.g. Cartesian or polar). 4. Identifying a Sticking Point: Professor DV asked students to suggest one thing that he could help them to understand that would assist them in solving the problem. Through this question, he invited a student to volunteer a sticking point, thereby implicitly eliciting a student's problem solving strategy. 5. Eliciting a Student's Strategy: Sometimes, in addition to or instead of step 4, Professor DV explicitly asked for a volunteer to share how he or she began solving the example problem. Through this invitation, he explicitly elicited a student's problem-solving strategy. 6. Solving the First Step: Whether he elicited a sticking point (step 4) or an explicit problemsolving strategy (step 5), Professor DV used students' responses as the starting point for solving the first step of problem on the board in front of the class. 7. Asking Questions: As he was solving the problem on the board, Professor DV frequently asked questions of the students. In many of these questions he was looking for one particular correct answer. Students responded to these questions in a variety of ways. For example, an individual student would respond, students would call out an answer as a group, students would raise hands to vote for the answer of a multiple choice question, or students would point with their fingers (e.g. in the direction of a particular vector). 8. More Group Problem Solving: After setting up the first step, Professor DV asked students to work ahead of him and find the answer for the first step of the problem. Professor DV continued to work out the first step on the board. 9. Confirming the Intermediate Answer: When Professor DV finished the first step, he asked students to raise their hands if they got the same answer that he did. A number of times students disagreed and corrected minor mistakes that Professor DV had made. 10. Inviting Questions: After solving the first step, Professor DV stopped and invited questions by stating, "Ask me a question." This phrase was constantly used throughout the semester, and, as is discussed later in the paper, was deliberately chosen. 11. Checking Conceptual Understanding: When there were no further student questions, Professor DV asked students to raise their hands if they understood 90% of the previous discussion. If he saw a lot of hands raised, Professor DV moved on to the next step of the problem. 12. Repeating: This flow was then repeated for each subsequent step of the problem until the final answer had been reached.
While Professor DV did not follow this exact process for every example problem, we constantly noticed these pedagogical techniques being employed throughout the semester.
Many of the steps in this process involved formative assessment: walking around during Group Problem Solving (step 2), Checking Progress (step 3), Identifying a Sticking Point (step 4), Eliciting a Student's Strategy (step 5), Asking Questions (step 7), Confirming the Intermediate Answer (step 9), Inviting Questions (step 10), and Checking Conceptual Understanding (step 11). However, these formative assessment techniques can be further categorized by their purpose. Steps 2, 3, 9 and 11 assisted with time management, informing Professor DV as to whether he could continue with the problem solving process, or if he needed to give students more time to work or spend more time explaining the material. Additionally, while Professor DV sometimes elicited individual student answers in step 7, these questions were often designed with a particular correct response in mind. This suggests that these questions were implemented as a form of active learning designed to engage students in the lesson, rather than elicit the disciplinary substance of student thinking.
There were then four opportunities for Professor DV to elicit the disciplinary substance of student thinking: when individual students asked private questions during Group Problem Solving (step 2b), Identifying a Sticking Point (step 4), Eliciting a Student's Strategy (step 5), and Inviting Questions (step 10). Our field notes indicate that Professor DV was capable of eliciting and responding to the disciplinary substance of students' thinking at these times. In one example, Professor DV asked students about the next step they would take to solve a problem on which the class was working. A student responded by giving a surprising answer that Professor DV did not expect (a fact that he announced to the class). This student's answer displayed disciplinary substance in the form of his problem-solving practice . Professor DV noticed this disciplinary substance and responded by abandoning his pre-planned agenda and continuing to solve the problem as the student had suggested. As he did so, Professor DV asked the student additional questions to further elicit his problem-solving practice.
While Professor DV worked to elicit student thinking during these four steps, it is critical to note that he was only able to notice student thinking from those who volunteered it, the same as in Aerodynamics. As Professor DV stated in the post-semester interview:
It really requires students to divulge if they're understanding or not understanding. And fundamentally that means you gotta lower the barrier of the anxiety for raising your hand and asking a question. So it starts with trying to set a culture in the classroom where it's ok to ask a question [and] it's ok to speak up.
The data show that Professor DV employed multiple strategies intentionally designed to create a classroom culture in which students felt comfortable asking questions. Like Professor Aero, Professor DV continually encouraged students to ask question. However, in doing, he used the specific and intentional phrase "Ask me a question." In the pre-semester interview, Professor DV commented on his use of this specific phrase: Professor DV began creating a classroom culture where questions were encouraged within the first fifteen minutes of the first class. After going through the syllabus, Professor DV invited questions about the syllabus and continually encouraged students to ask more. As he described in the post-semester interview, "That's done very intentionally. And slightly to the point of annoyance. I do it so that they know what's coming in the next sessions." As he called on students who raised their hands, Professor DV thanked students for their questions. This practice, which Professor DV described as explicit and intentional in the post-semester interview, continued throughout the semester. After answering questions about the syllabus for approximately seven minutes, Professor DV concluded with a statement that made his classroom culture explicit. He announced, "I want you to ask a ton of questions. Your questions are far more important than my lecture plan."
Challenges of Responsive Teaching
Even given Professor DV's thirty years of teaching experience (for which he has been recognized with the university's highest teaching award), his commitment to active learning, and intentional teacher moves to create a classroom culture in which questions were encouraged, he still found there to be challenges and tensions in enacting responsive teaching.
Classroom Layout: In the pre-semester interview Professor DV commented on how the layout of the classroom influenced his ability to answer questions during Group Problem Solving (step 2):
I want a room where I can walk between students very easily. Because I find that during those times when they are working and solving problems on their own, I get a lot of questions from them. And it happens most naturally as I walk by someone. Now they don't have to put their hand up and expose [themselves]-they just [whisper,] "Pssst, hey, can you help me here?" And I turn off my microphone [and] we go and have this little private conversation.
[…] Only the students who are sitting either in the front or adjacent to [the aisles in the present classroom] are gonna have that kind of opportunity.
In the last sentence of this quotation Professor DV was commenting on his classroom for the fall 2016 semester, in which the tables were so close together than he could not move between students to answer one-on-one questions from everyone. He went on to contrast this classroom with a different classroom in which he had previously taught Dynamics & Vibrations. While this other classroom was also a lecture-style amphitheater, there was enough space for Professor DV to move behind students and reach everyone as he walked around.
Tension Between Eliciting More Thinking or Moving On: In the post-semester interview Professor DV commented on a second challenge of enacting responsive teaching-a tension between eliciting the thinking of a few students who weren't understanding a concept and continuing on with the class:
I also worry that if there's one student that's not raising their hand, obviously I'm not going to single them out. As this quote indicates, Professor DV was balancing multiple different desires: 1) to elicit the thinking of students who did not understand a concept, 2) in a way that did not single them out in front of their classmates, 3) without slowing the class down for the majority of students. As was discussed earlier in this paper, "instructional tensions" such as these occur in responsive teaching across disciplines (Ball, 1993; Hammer, 1997; Chazan & Ball, 1999; .
Discussion and Suggestions for New Engineering Educators
As we have shown, formative assessment can have multiple uses in undergraduate engineering courses. Professor Aero used clicker questions to assess how well students understood the material by themselves and to provide feedback on the pacing of the class. He responded to the results by explaining questions missed by multiple students and by adjusting the pacing and content of subsequent lectures. Professor DV used a number of assessment techniques for time management, indicating when he could continue on with the example problem and when he should re-explain a particular step. He also used questions to keep students engaged and provide a high-level assessment of the class's understanding. While these are all valuable uses of formative assessment, they do not afford opportunities for responsive teaching. In the two classes we observed, inviting students to ask questions was the formative assessment that most afforded the instructors an opportunity to notice and respond to the disciplinary substance of students' thinking. However, this required students to ask a question and volunteer their thinking. Furthermore, both instructors still encountered challenges in noticing and responding to students' thinking through student-asked questions.
There are other methods of formative assessment not used by Professors Aero or DV that may afford opportunities for responsive teaching and should be investigated in future research. Two examples include minute papers, in which students briefly write down the most important thing they learned during class, and "muddiest point" papers, in which students write down the muddiest (i.e. "most unclear") point from class (Vanderbilt University Center for Teaching, n.d.). The instructor then collects these assessments, reads them after class, and responds to the feedback during the next class. These assessment techniques are certainly more open-ended than multiple-choice clicker questions. But, they still rely on students making their thinking visible. As a hypothetical example, a student could state that the muddiest point of a class was "understanding the direction of the friction force." Though valuable, this feedback for the instructor does not illuminate the student's engineering ideas, practices, or perspectives .
So what can new engineering educators do to provide opportunities for responsive teaching in their large undergraduate engineering courses? Based on this study of these two engineering faculty and the advice in the literature, we offer six suggestions to give new engineering educators a starting point for reflecting on their own courses and working to incorporate responsive teaching more in their own teaching practices.
First, new engineering educators simply need to be aware of the common tensions that exist in trying to enact responsive teaching. For example, multiple different researchers discuss a tension involving encouraging students to share and pursue mathematical or scientific ideas that are incorrect (Ball, 1993; Hammer, 1997; . Another tension seen in the Dynamics & Vibrations data centers around Professor DV deciding whether to continue on with his lesson or attempt to understand why some students didn't comprehend a particular concept. Being aware that tensions like these exist when instructors-even ones as experienced as Professor DV-try to enact responsive teaching will help new engineering educators to not be discouraged when they face these tensions themselves.
Second, new engineering educators should take explicit steps to create a classroom culture where questions are encouraged. New engineering educators can emulate some of the intentional teacher moves that Professor DV used to encourage questions, such as stating, "Ask me a question" or thanking students when they ask a question. However, creating this type of classroom culture requires the instructor fully commit to it. Professor DV recalled an anecdote from the first day of a class a few years ago in which he had answered many questions about the syllabus but still said, "I need one more question; I'm not gonna talk until I get a question." In response, a student asked, "What is the stupidest thing you've ever done?" In the interview, Professor DV commented that he would not have answered that off-topic question as a new instructor. But, in order to fully commit to answering all questions, he told the class the story of the stupidest thing he had ever done. And, as he recalled, this had the desired effect. He said, "I know that class realized that you can ask a question and it'll be answered."
Another important aspect of creating a classroom culture that encourages questions involves matching the instructor's explicit and implicit signals to the students. No matter how much an instructor encourages questions, students may still be hesitant to ask a question if the instructor implicitly discourages questions through his or her body language (e.g. rolling his or her eyes when the student asks a "dumb question") or the phrase used to invite questions (e.g. "Are there any quick questions? I know this is pretty easy."). Commenting on instructors who use phrases such as this, Professor DV remarked:
[Those instructors are] saying code for: "I have an agenda for today. I just covered some stuff that you should all know. If you got a quick question I can accept it in my agenda.
But if it's a long question, bug off. Because I need to get to this stuff."
Third, new engineering educators should work to understand the disciplinary substance in students' thinking when students ask a question or volunteer an answer. This is a skill that requires practice, even for instructors who are content matter experts and have personal knowledge of the ideas, practices, and perspectives that make up the disciplinary substance of engineering. One way for new engineering educators to develop this skill is to organize video clubs with fellow instructors (Sherin & Han, 2004; Sherin & Van Es, 2009 ). Videotaping class meetings and watching them later gives instructors a chance to focus on noticing the disciplinary substance in students' thinking without having to worry about things such as the time left in class or answering unanticipated questions. Instructors can also watch clips repeatedly, giving them time to dig into the disciplinary substance of what students are saying and doing. In addition to giving instructors practice in noticing student thinking, video clubs also give instructors an opportunity to critique the way that they responded to students in class. They can also think about how they might have responded differently to encourage disciplinary ideas, practices, and perspectives. Lastly, discussing video as a group in a video club allows for multiple perspectives on what students may have been thinking and how the instructor could have best responded.
Fourth, new engineering educators should engage in responsive teaching outside of class. As the data from Aerodynamics and Dynamics & Vibrations suggests, it is difficult to elicit, notice, and respond to individual students' thinking in large undergraduate engineering classes. However, office hours provide an opportunity for instructors to interact with students one-on-one. In these more personal settings, instructors can take more time to have discussions with students that illuminate their engineering ideas, practices, and perspectives.
Our fifth and sixth suggestions come directly from Professor DV. In the post-semester interview, we asked him, "Is there any advice that you would give to a new faculty member who wants to be responsive to student thinking or use more active learning activities in their class and has that subject matter experience but doesn't have the teaching experience?" Professor DV's first suggestion was for new engineering educators to build margin into each class in order to have time to respond to students' thinking:
I guess it comes down to [deciding] are you willing to relinquish your agenda? And instead, turn it over to the agenda of the students. I don't mean entirely. I don't mean
[that] students come in, you have nothing planned, and you say, "What are we gonna talk about today, guys?" What I do mean [is] for new instructors [to] plan an agenda that you need to get to, kinda bottom-line, this is what I want to achieve today. But make sure that you can cover that in, let's say, two-thirds of the time. And now you got some headroom in front of you where you can turn the agenda over to them.
By building free time into the daily agenda, new engineering educators can spend more time eliciting, noticing, and responding to student thinking. This can help avoid the situation faced by Professor Aero, who said that he often ran short on time at the end of class when he had planned to ask clicker questions. As a result he often ended up rushing through the explanationsomething that he admitted was not ideal and would like to change in the future.
Continuing this discussion, Professor DV suggested that instructors aim to reduce their reliance on notes during class: Professor DV then clarified that he does bring notes to class, but they consist of an outline and one or two examples he wants to solve. However, he keeps the notes off to the side and rarely refers to them. Because he does not make his notes available to students and there is no textbook for the course, he does not have to worry about matching the notes he writes in class to any existing standard. Furthermore, Professor DV discussed how instead of using his notes to check that he got the right answer, he asks the students. As he stated, "I've got an audience of eighty people who are really good at algebra. If I make a mistake they're gonna find it for me."
Professor DV did acknowledge that this is difficult the first time a new engineering educator teaches a class. However, it can serve as a goal that comes with experience:
I think when we start off we are […] note-heavy lecturers. And, eventually, I think we can […] move towards being just […] outline-developers. Here's an agenda that I wanna get to and cover. And then put it aside. So you can't do that the first time you teach a class. You know, maybe the fifth or sixth time you can wean yourself from that. But I have found that to be really, really helpful.
Conclusion
Approaching formative assessment as responsive teaching is a powerful pedagogical technique that benefits both students and instructors. However, much of the research has focused on responsive teaching in K-12 mathematics, science, and engineering education. There is a need for further research that specifically investigates responsive teaching in undergraduate engineering education. Potential research questions include:
• What counts as disciplinary substance in engineering science courses?
• What activities or technologies allow instructors to elicit and notice student thinking in large lecture courses? • What activities or technologies allow instructors to engage in responsive teaching practices outside of class? • What professional development activities help instructors to develop their responsive teaching ability? • How do engineering students benefit from responsive teaching practices?
